Background: Male germ cell RacGTPase activating protein (MgcRacGAP) is an important regulator of the Rho family GTPases -RhoA, Rac1, and Cdc42 -and is indispensable in cytokinesis and cell cycle progression. Inactivation of RhoA by phosphorylated MgcRacGAP is an essential step in cytokinesis. MgcRacGAP is also involved in G1-S transition and nuclear transport of signal transducer and activator of transcription 3/5 (STAT3/5). Expression of MgcRacGAP is strictly controlled in a cell cycle-dependent manner. However, the underlying mechanisms have not been elucidated.
Introduction
Male germ cell Rac GTPase activating protein (MgcRacGAP) is one of the most important regulators of the Rho family of GTPases -RhoA, Rac1, and Cdc42 [1, 2] . Rho family proteins are involved in many cellular functions -including cell morphology, migration, gene expression, apoptosis, and proliferation -via regulation of the cytoskeleton [3] . They also play important roles in cytokinesis and G1-S transition. To maintain normal cell cycle progression, it is essential to control their activities [4] .
In terms of cell cycle control, two GTPase-activating proteins (GAPs), MgcRacGAP and p190RhoGAP, and two guanine nucleotide exchange factors (GEFs), Ect2 and GEF-H1, coordinately regulate Rho family GTPases [5] [6] [7] [8] . As we and others have reported, Ect2 activates RhoA required for the initiation of cytokinesis, and MgcRacGAP localized in the midbody inactivates RhoA by its Rho-GAP activity induced by Aurora B kinase via phosphorylation at S387 at the end of mitosis [9] [10] [11] . The latter step is critical for completion of cytokinesis. MgcRacGAP depletion results in impairment of cell division in vitro [12] [13] [14] [15] and in vivo [16, 17] . MgcRacGAP is also involved in inactivating another Rho family protein, Cdc42 in metaphase [18] , and in localizing molecules including RhoA [19] , CENP-A [20] , and STAT3/5 [21] [22] [23] [24] [25] . Although the expression [26] and activity [27] [28] [29] of MgcRacGAP are strictly controlled during the cell cycle, the precise mechanisms have not been elucidated so far.
Degradation of proteins by the ubiquitin-proteasome pathway is a major means of regulating the cell cycle. Anaphase-promoting complex/cyclosome (APC/C) and Skp/Cullin/F-box (SCF) complexes have an E3 ligase activity both to mediate ubiquitination and to initiate proteasomal destruction of their target proteins cell cycle-dependently [30] [31] [32] [33] . Several proteins involved in mitosis are the targets of APC/C, including Cyclin A/B, Securin, Geminin [33] , Aurora A/B [34, 35] , Ect2 [36] and p190RhoGAP [37] . APC/C is activated by binding either of the co-activators Cdc20 or Cdh1. APC Cdc20 becomes functional in the metaphaseanaphase transition and APC cdh1 is activated in late mitosis to the G1 phase [32, 33] .
In the present study, we demonstrated that MgcRacGAP is degraded by the ubiquitin-proteasome pathway in the late M to G1 phase and that MgcRacGAP is a novel target of APC Cdh1 . We also identify a critical region for destruction located in the C terminus of MgcRacGAP, AA537-570, which is necessary and sufficient for CDH1-mediated MgcRacGAP destruction. We were not able to identify the lysine residues or any functional motif for ubiquitination in this region. However, a PEST domain-like structure with charged residues was identified, which may be responsible for effective ubiquitination of MgcRacGAP. Thus, in this report, we have identified MgcRacGAP as a target of APC Cdh1 , indicating a novel mechanism controlling the expression level of MgcRacGAP through cell cycle progression.
Materials and Methods

Cell line and cell culture
293T and NIH3T3 cells were cultured in D-MEM (Wako, Osaka, Japan) supplemented with antibiotics and 10% fetal calf serum (DMEM/10% FCS). 293T and NIH3T3 cells were obtained from ATCC. Mouse embryonic fibroblast (MEF) cells were cultured in DMEM/10% FCS on 100-mm gelatin-coated dishes. Immortalized MEFs derived from WT and Cdh1 GT/GT mice were produced as described previously [37] .
Plasmids
Flag-tagged deletion mutants (DMyo, DInt, DCys, DGAP, D410-632, D463-632, D537-632, D611-632, D628-632, DGAP+CT, D537-570, and D537-570-DDbox) were generated using PCR. Flag-tagged or mVenus-tagged or mCherry-tagged wild-type and mutants of MgcRacGAP were cloned into EcoRI and NotI sites of the retrovirus vector pMXs-IRES-EGFP (pMXs-IG) or pMXs-IRES-Puro r (pMXs-IP) [13] or the mammalian expression vector pME18S. Full-length or partial fragments of the MgcRacGAP C-terminal region were generated using PCR and cloned into EcoRI and NotI sites of a retrovirus vector pMXsmVenusNLS-IRES-blasticidin r to make fusion proteins between mVenus containing SV40-NLS (PKKKRKV) (mVenus-NLS) and full-length or partial fragments of the C-terminal portion of MgcRacGAP (CT). PCR was carried out using Phusion DNA polymerase (Thermo Fisher Scientific, Waltham, USA). pCSII-MCS-based vectors for AmCyan-hGeminin (1/110) and mCherry-hCdt1 (30/120) were previously described [38, 39] and cloned into a retrovirus vector pMXs to generate pMXs-AmCyanhGeminin (1/110) and pMXs-IP-mCherry-hCdt1 (30/120). All constructs were verified by DNA sequencing. The pcDNA3-based vectors for Myc-CDH1 or Myc-CDC20 were provided by Dr. Masatoshi Fujita (Kyushu University, Fukuoka, Japan), pcDNA3-HA-Ubiquitin (WT) was from by Dr. Kazuo Sugamura (Miyagi Cancer Center Research Institute, Natori, Japan), pcDNA3.1-FLAG vectors for Skp2 and b-Trcp1/2 were from Dr. Kazuhiro Iwai (Osaka University, Suita, Japan), pcDNA3.1-FLAG-Fbw7 was from Dr. Kei-ichi Nakayama (Kyushu University, Fukuoka, Japan), pCSII-MCS-based vectors for AmCyan-hGeminin (1/110) and mCherry-hCdt1 (30/120) were from Dr. Atsushi Miyawaki (RIKEN, Wako, Japan), and the p3XFLAG-CMV10-XIAP was from Dr. Mikihiko Naito (National Institute of Health Science, Tokyo, Japan).
Transfection and infection
Transfection and infection were performed as described previously [40] . Briefly, Plat-E cells (2610 6 cells) were seeded onto 100-mm dishes one day before the transfection. Cells were transfected by the calcium phosphate method. After 24 hr, the retroviral supernatant was collected and then used for infection of target cells.
Time-lapse imaging
NIH3T3 cells transduced with Fucci2.1 indicators (pMXsAmCyan-hGeminin (1/110) and pMXs-IP-mCherry-hCdt1 (30/ 120)) together with MgcRacGAP-mVenus were seeded onto 35-mm glass-bottom dishes in DMEM/10%FCS. Cells were subjected to time-lapse imaging using LCV100 (Olympus, Tokyo, Japan) with an objective lens 640. More details were as previously given [38, 39] .
Immunoprecipitation and Western blotting
Immunoprecipitation (IP) and Western blotting (WB) were performed as described previously [13] . Protein concentrations in the lysate were determined, and samples were standardized to equal concentrations of protein. Equal amounts of total protein were loaded in each lane. Anti-Flag (M2), anti-a Tubulin (B-5-1-2) antibody (Ab) was from Sigma-Aldrich (St.Louis, USA) and antiMgcRacGAP goat polyclonal (ab2270) Ab was from Abcam (Cambridge, UK). Anti-MgcRacGAP rabbit polyclonal Ab was generated as described previously [13] . Anti-cMyc (9E10) and anti-HA (12CA5) Ab were from Roche Applied Science (Penzberg, Germany).
Synchronization of the cell cycle
Cells were synchronized in the metaphase by adding 40 ng/ml nocodazole (NDZ: Sigma-Aldrich, St. Louis, USA) for 12 hr or in the G0/1 phase by serum starvation for 12 hr. The cells were then washed and released in fresh medium. DNA content was analyzed by flow cytometry following propidium iodide staining.
In vivo ubiquitination assay
Using the calcium phosphate method, 293T cells were transfected with 10 mg of pcDNA3-HA-Ubiquitin (WT) and 20 mg of pME18S-MgcRacGAP-Flag. After 12 hr, the medium was exchanged with fresh medium containing with 20 mM MG132. Then the cells were collected 24 hr after transfection.
CDH1-mediated degradation
293T cells were transfected with 10 mg of pMXs-IG-Flagtagged-WT or mutants of MgcRacGAP and 10 mg of pcDNA3-Myc-CDH1 expression vectors by the Ca phosphate method. After 36 hr, the medium was exchanged with fresh medium with or without 20 mM MG132. Then the cells were collected 48 hr after transfection. 
Flow cytometric analysis
Gene expression analysis
Gene expression analysis by qPCR was done as described elsewhere [41] . Briefly, total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA). cDNA was prepared with a High Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, USA). Real-time reverse transcription-polymerase chain reaction (RT-PCR) was performed using a Rotor-Gene Q (QIAGEN, Hilden, Germany) and SYBR Premix EX Taq (TAKARA, Kyoto, Japan). All samples were independently analyzed at least three times. The following primer pairs were used: 59-AACAGGCGCGGCGTGTTC -39 (forward) and 59-ATGAAGCGGTCACCATGC -39 (reverse) for Cdh1; 59-ATGTGTCCGTCGTGGATCTGA -39 (forward) and 59-TTGAAGTCGCAGGAGACAACCT -39 (reverse) for Gapdh.
Immunocytochemistry
Immunocytochemistry were performed as described previously [13] .
Statistical analysis
Statistical significance was calculated using the Student t-test for independent variables. P values,0.01 were considered statistically significant.
Ethics statement
The mice were maintained and mated in the institutional animal facility according to the guidelines of the University of Tokyo. The experimental procedures in this study were approved by the Committee for Animal Experiments in the Institute of Medical Science University of Tokyo (approval number is PH10-14). All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.
Results
MgcRacGAP is degraded in a cell cycle-dependent manner by the ubiquitin-dependent pathway during G0/1
To investigate the changes of MgcRacGAP protein levels in real time, imaging studies with a cell cycle indicator system, Fucci, were performed. mVenus was fused to the C terminus of MgcRacGAP (MgcRacGAP-mVenus), and this fusion protein was retrovirally transduced to NIH3T3 cells together with two Fucci2.1 indicators (AmCyan-hGeminin (1/110) and mCherryhCdt1 (30/120)) [38, 39] . MgcRacGAP-mVenus signals were strongly detected in the cells of the S/G2/M phase, but they were sharply decreased when the cells entered the G1 phase ( Figure 1A and Movie S1). Flag-tagged MgcRacGAP (MgcRac-GAP-Flag) was stably expressed in NIH3T3 cells. The cells were synchronized in the M-phase with 12 hours of NDZ treatment and then released into fresh medium and cultured for 6 or 12 hours. The cells were then analyzed for MgcRacGAP-Flag expression and cell cycle status. A maximal level of MgcRacGAP expression was observed in the M phase. Following the release, MgcRacGAP decreased and reached a minimal level in the G0/1 phase ( Figure 1B ). To investigate its expression in the G0/1 phase more precisely, the transduced NIH3T3 cells were serum-starved for 6 or 12 hours with or without re-addition of serum. More than 80% of the starved cells were in the G0/1 phase while only about 50-60% of the non-starved or released cells were found there (data not shown). As shown in Figure 1C , significantly reduced levels of MgcRacGAP proteins were observed in the starved compared with the non-starved cells. Expression of MgcRacGAP was recovered after serum re-addition or maintenance in serumdeprived medium in the presence of MG132, a proteasome inhibitor. Since MG132 is also capable of inhibiting the calpine pathway in addition to the proteasomal pathway, the effects of inhibiting this pathway were analyzed. Treatment with ZLLH, a calpine inhibitor, did not prevent the destruction of MgcRacGAP, while treatment with MG132 efficiently prevented its destruction ( Figure 1D ). Thus, degradation of MgcRacGAP is mainly mediated by proteasome. Similar results were also observed in the 293T cells (data not shown). In fact, co-expression of MgcRacGAP with HA-tagged Ubiquitin (WT) (HA-Ub) has revealed the ubiquitination of MgcRacGAP in 293T cells ( Figure 1E ).
These results indicate that MgcRacGAP is degraded in a cell cycle-dependent manner by the ubiquitin-proteasome pathway during the G0/1 phase.
MgcRacGAP destruction is mediated by an E3 ligase APC CDH1
Protein ubiquitination is a critical step along the ubiquitinproteasome pathway, and E3 ligase complexes mediate this step. APC/C is one of the E3 ligases that are activated in the M to G1 phase targeting their substrates for destruction. Considering the timing of MgcRacGAP destruction, it was possible that APC/C would mediate ubiquitination of MgcRacGAP. APC/C is activated by binding of either of the co-activators, CDH1 or CDC20. To examine APC/C's involvement in degradation of MgcRacGAP and to identify the E3 ligase for it, Myc-tagged CDH1 or CDC20 together with MgcRacGAP-Flag were cotransduced to 293T cells. MgcRacGAP proteins were profoundly decreased in CDH1-transduced cells but not in CDC20-transduced cells when compared to control cells (Figure 2A ). Treatment with MG132 counteracted the effects of CDH1 expression ( Figure 2B ). To confirm the specificity of this reaction, we conducted a similar experiment using the cells transduced with Flag-tagged XIAP, which is regulated by ubiquitin-proteasome pathway but is not a target of APC CDH1 , with or without coexpression of Myc-CDH1. CDH1 expression did not affect XIAP levels ( Figure 2C ). To study the interaction between MgcRacGAP and CDH1, MgcRacGAP-Flag and Myc-CDH1 were co-transfected in 293T cells. MgcRacGAP weakly bound to CDH1 ( Figure  S1 ). MEF derived from Cdh1 GT/GT mice is useful for analysis of its substrates [37] . Knock-out of Cdh1 resulted in accumulation of MgcRacGAP proteins in the G1 phase ( Figures 2D and 2E) . These results clearly demonstrate that degradation of MgcRacGAP in the G1 phase is mediated by APC CDH1 .
A C-terminal region, AA537-632, of MgcRacGAP contains a degron
To identify the region required for CDH1-mediated destruction, Flag-tagged WT or deletion mutants lacking any of the functional domains in MgcRacGAP were transiently expressed in 293T cells with or without Myc-CDH1. The deletion mutant lacking the GAP domain and the C terminus of MgcRacGAP (DGAP) was resistant to CDH1-mediated destruction. On the other hand, WT and the other deletion mutants, including the mutant with N-terminal truncation (GAP), were prone to CDH1-mediated destruction ( Figure 3A) .
This result indicated that the degron of MgcRacGAP is located within either the GAP domain or the C-terminal part of MgcRacGAP. To narrow down the region for CDH1-mediated destruction, we next generated mutants with several lengths of deletion in the C-terminal region -D410-632, D463-632, D537-632, D611-632, and D628-632 ( Figure 3B ). Among the mutants analyzed here, the mutant truncated at the position of AA536 (D537-632) or the mutants with longer C-terminal truncation (D410-632, D463-632) resisted destruction, while the mutants with shorter C-terminal truncation (D611-632, D628-632) were prone to destruction ( Figure 3B , lower panel). Imaging studies using mCherry-tagged WT and D537-632 demonstrated that mutant D537-632 was nondegradable in the G1 phase ( Figure  S2A , Movie S2 and S3). By immunocytochemistry, Flag tagged WT and D537-632 was localized to the nucleus ( Figure S2B ). Although the function of AA537-632 is not known, the RhoGAP activity of D537-632 was comparable to that of WT MgcRacGAP (data not shown). These observations indicate that the residues between AA537-632 (CT) are required for CDH1-mediated destruction and contain the degron but do not contribute to the GAP activity.
The CT region of AA537-632, which starts from the position closest to the C-terminal end of the GAP domain, was fused to a destruction-resistant mutant, DGAP to form another mutant, DGAP+CT. To examine whether the CT region is sufficient for targeting MgcRacGAP destruction, DGAP or DGAP+CT was transduced to 293T cells with or without Myc-CDH1. As expected, DGAP+CT was degraded in the presence of CDH1, but DGAP was not ( Figure 3C ).
We also fused the CT region to mVenus (mVenus-CT) to ascertain whether this region is sufficient to induce degradation of proteins other than MgcRacGAP. However, the levels of this fusion protein were only slightly diminished in the G1 phase compared with the S/G2/M phase (data not shown). Most mVenus-CT proteins were expressed in the cytoplasm, while most endogenous and transduced MgcRacGAP proteins were observed in the nucleus. It has been reported that nuclear transport of Ect2 is required for its destruction mediated by Cdh1 [36] , and it is possible that the degron of MgcRacGAP is also functional only in the nucleus. So we next replaced mVenus of this fusion protein with mVenus with the nuclear localization signal (mVenusNLS) to produce mVenusNLS-CT. This fusion protein was retrovirally transduced to NIH3T3 cells together with Fucci2.1 indicators. mVenusNLS-CT expression was changed in the cell-cycle dependent manners as well as MgcRacGAP-mVenus expression ( Figure 3D ). The co-expression of Myc-CDH1 and mVenusNLS fused to the C-terminal fragment (AA537-632) of MgcRacGAP revealed that mVenusNLS-CT was targeted for destruction by CDH1 ( Figure 4B ). Taken together, the present results clearly show that the residues between AA537-632 of MgcRacGAP are necessary and sufficient for the destruction of MgcRacGAP mediated by CDH1.
The degron of MgcRacGAP contains a putative D-box and an essential region for destruction
Degron, the minimal region with a destruction signal, usually contains recognition sites for E3 ligase, ubiquitination sites, or initiation sites for ubiquitin chain elongation [42] . Several recognition motifs for APC/C have been identified in target proteins of APC/C, such as the D-box, the KEN box, and the TEK box [43] . Sequence analysis revealed the existence of a putative D-box, AA599RSTLAA602, within the CT region. We replaced the four residues of the putative D-box with four alanines to make the D-box deficient mutant, DDbox. However, coexpression of DDbox with Myc-CDH1 revealed that the DDbox was degraded as had WT-MgcRacGAP been (data not shown). The result indicated that this putative D-box is not functional in MgcRacGAP. As is the case with several other APC/C target proteins such as Cyclin B or Ect2, it is possible that the disrupting the D-box alone is not enough to prevent destruction.
Lysine is known to be a residue usually linked to ubiquitin, and there are six lysine residues within the CT region (K571, K587, K604, K612, K614, and K632). To identify the ubiquitination sites in the CT region, we replaced one of each lysine residue or all six (R6) residues with arginine. However, Myc-CDH1 was able to degrade all the mutants as was the case for WT-MgcRacGAP ( Figure 4A and data not shown).
To find a region in the CT region critical for the destruction of MgcRacGAP, full-length or partial fragments of the CT region were fused to mVenusNLS ( Figure 4B , left panel) and transduced to 293T cells with or without transfection of Myc-CDH1. After the transfection, degradation of the fusion proteins was assessed by the intensity of fluorescence. This co-expression study revealed that the residues between AA537 and 570 were sufficient to induce the CDH1-dependent efficient destruction of the fusion protein ( Figure 4B, right panel) . Of note, a co-expression study using MgcRacGAP deletion mutants demonstrated that the mutants lacking either AA537-570 (D537-570) or AA537-570 and D-box (D537-570-DDbox) resisted CDH1-mediated destruction. Thus, the residues between AA537 and 570 were indispensable for the destruction of MgcRacGAP ( Figure 4C ).
Discussion
MgcRacGAP plays distinct roles in regulating Rho family GTPases, depending on the cell cycle. In the interphase, MgcRacGAP is critical for the nuclear transport of STAT3/5 transcription factors, working as a Rac1-GAP [21] [22] [23] [24] [25] . In the telophase, MgcRacGAP is indispensable as a RhoA-GAP for the completion of cytokinesis [10] [11] [12] [13] [14] [15] . In the metaphase, it is suggested that MgcRacGAP is important in the segregation of chromosomes, working as a Cdc42-GAP [18] . It is assumed that these pleiotropic functions of MgcRacGAP are controlled by elaborate mechanisms, including phosphorylation, subcellular localization and control of expression levels. The expression of MgcRacGAP is tightly regulated in a cell cycle-dependent manner; MgcRacGAP is highly expressed in the S/G2/M phase and sharply decreased in the late M to G1 phase [26] . One possible mechanism accounting for this decrease is degradation via the ubiquitinproteasome pathway, as several other cell cycle regulators such as Geminin, Securin and Aurora A/B are repressed in the late M phase. APC sible for ubiquitination and destruction of these molecules during the late M to G0/1 phase.
In the present study, we have demonstrated that MgcRacGAP is degraded during the late M to G1 phase by ubiquitin-dependent mechanisms (Figure 1 and Movie S1). We also demonstrated that MgcRacGAP is a novel target of a cell cycle-dependent ubiquitin ligase, APC
Cdh1
, and that genetic disruption of Cdh1 diminished the degradation of MgcRacGAP in the G0/1phase (Figure 2 ). Cdh1, a co-activator of APC/C complex, is activated during the late M to G1 phase. Most targets of APC Cdh1 are involved in the cell cycle, including Cdc20, Skp2, CyclinA/B, Cdc25, and Geminin [33] . Aurora B, a kinase for MgcRacGAP, and p190RhoGAP, a cell cycle-dependent RhoGAP, are well-known substrates of APC Cdh1 [35, 37] . It has recently been reported that Ect2, a RhoGEF involved in mitosis, is also a target of Cdh1 [36] . We were not able to completely exclude the possibility that E3 ligases other than APC Cdh1 regulate MgcRacGAP protein levels. However, our coexpression studies revealed that neither overexpression of Cdc20, another co-activator of APC/C complex (Figure 2 ), nor some of the effector subunits of SCF complexes such as Skp2, Fbw7, and bTrcp1/2 (data not shown), changed MgcRacGAP protein levels.
These results indicate that APC CDH1 is a major E3 ligase for MgcRacGAP. Experimental results using deletion mutants of MgcRacGAP and the fusion proteins with mVenusNLS indicated that the C-terminal residues of MgcRacGAP, AA537-632 (CT), contain its degron (Figures 3 and 4) . This CT region of MgcRacGAP contains six lysine residues, which might have contained ubiquitination sites. However, replacing of all or any lysine residues failed to prevent MgcRacGAP destruction ( Figure 4A and data not shown). The lysine residue for ubiquitination may exist outside of the CT region, or N-terminal ubiquitination using residues other than lysine may also contribute to the ubiquitination of MgcRacGAP, as is the case for p21 [44, 45] .
Many substrates of APC/C contain a recognition motif for E3 ligases such a D-box, KEN, TEK, GxEN, A-box, or O-box [43] , while some of the substrates have no known recognition motifs [46] . The CT region contains one putative D-box of the type RxxL, AA599 RSTL AA602. However, deleting the D-box alone did not affect the destruction of MgcRacGAP ( Figure 4C ). As reported previously, a protein motif adjacent to the D-box, called the ubiquitin chain initiation motif (IM), is important for efficient ubiquitination of several substrates by APC/C, including Securin, Geminin, and Ect2 [36, 47] . IM has not been well characterized so far, and we were not able to identify any residues in the CT region similar to the IM of other molecules. However, sequence analysis of MgcRacGAP with pestfind (http://emboss.bioinformatics.nl/ cgi-bin/emboss/pestfind) [48] indicated the existence of a PEST domain-like structure in the residues between AA530-554, close to the putative D-box (Table 1 ). In addition, studies with fusion proteins indicated that most of the 25 residues are included in the critical region for destruction between AA537 and AA570. As reported, the charged residues within an IM are required for its function [47] , and interestingly, there are six charged residues in the PEST domain-like region. These observations indicate that this region may possess functions similar to an IM, though further study is reqired to confirm this hypothesis.
In the present study, we demonstrated a new way to regulate MgcRacGAP expression and the function of its C-terminal region (AA537-570) as a degron. Our findings not only reveal a novel mechanism to control MgcRacGAP but also help expand the knowledge of protein degradation via APC CDH1 . the deletion mutants (D537-632, D537-570, D537-570-DDbox) of MgcRacGAP-Flag, together with pcDNA3 (2) or pcDNA3-Myc-CDH1 (+ 
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